Cellular compartment analysis of temporal activity by fluorescent in situ hybridization (catFISH) allows high spatiotemporal resolution mapping of immediate early genes in the brain in response to internal/external stimuli. One caveat of this technique and indeed other methods of in situ hybridization is the necessity of flash-freezing the brain prior to staining. Often however, the mammalian brain is transcardially perfused to use the brain tissue for immunohistochemistry, the most widely-used technique to study gene expression. The present study illustrates how the original catFISH protocol can be modified for use in adult rats that have been transcardially perfused with 4% paraformaldehyde. c-Fos activity induced by either an auditory tone or status epilepticus was visualized using the catFISH procedure. Analysis of the rat prefrontal cortex, hippocampus and amygdala shows that a clear distinction can be made between the compartmental distribution of c-Fos mRNA in the nuclei and cytoplasmic regions. Furthermore, the qualitative proportion of c-Fos compartmentalization is similar to previous reports of c-Fos expression pattern in rodents navigating novel environments. c-Fos catFISH on perfused rodent brains is an valuable addition to the traditional histological methods using fluorescently labeled riboprobes, and opens several avenues for future investigations.
Introduction
In situ hybridization (ISH) has been extensively used to visualize the expression of immediate early genes (IEGs) like c-Fos, c-Jun and activity-regulated cytoskeleton-associated protein (Arc) across brain regions, providing a means to map neural activity in response to a variety of external stimuli and during complex behaviors. Sensory stimuli induce c-Fos in the central nervous system (Hunt, Pini, & Evan, 1987) , and c-Fos is a critical regulator of activitydependent transcriptional programs, synaptic plasticity, and associative learning (Cohen & Greenberg, 2008; Herdegen & Leah, 1998; Morgan & Curran, 1989) . The unique ability of IEGs to provide large-scale functional mapping of neural activity at a cellular resolution level has been exploited in numerous neuroscientific studies. Despite advances in IEG-mapping strategies, such as transgenic reporter lines of c-Fos (Barth, 2007) , ISH or immunohistochemistry (IHC) continue to be the most widely-used techniques to adequately detect and report IEG signals. The development of cellular compartment analysis of temporal activity by fluorescence ISH (catFISH) of IEGs has further advanced the imaging of neural activity by adding a temporal dimension to an otherwise static technique. Due to the temporal dynamics of translation and translocation, neurons active shortly before sacrifice express IEG mRNA in the nucleus, while those with IEG mRNA that has translocated to the cytoplasm were active at a prior time point, and neurons that have both intranuclear and cytoplasmic IEG mRNA must have been active at both times. Thus, neural activity in response to stimuli at different time points can be distinguished based on the intracellular distribution of mRNA transcripts (Guzowski, McNaughton, Barnes, & Worley, 1999) .
Advancement of the classic techniques described above has been somewhat limited due to the manner with which brain tissue must be prepared for a given technique. For ISH, brains are usually fresh-frozen (not fixed) to preserve the integrity, cellular morphology, and spatial composition of macromolecules, such as mRNA, within tissue specimens (Fox, Johnson, Whiting, & Roller, 1985) . In contrast, transcardial perfusion, particularly with paraformaldehyde, has several advantages over flash freezing and has therefore become the standard for most immunohistochemical procedures. For example, flushing the brain with paraformaldehyde 4 removes endogenous peroxidase making blocking easier for antigen detection methods such as DAB (3,3'-diaminobenzidine). Further, homogeneous fixation through perfusion of the whole brain yields more uniform and consistent results across subjects. Performing ISH on perfused brains could enable an effective combination of these powerful techniques, for example by processing adjacent sections for ISH and IHC on the same subject. However, formaldehyde fixation also results in base pair modifications that prevent the base-pairing with riboprobes required for ISH. More specifically, formaldehyde fixation results in cross-linking of nucleic acid bases to other macromolecules (Feldman, 1973) in a two-step reaction involving (1) the formation of a hydroxylmethyl group (N-CH 2 OH) through the addition of a formaldehyde group to the base, and (2) electrophilic addition between the newly formed hydroxylmethyl group and amino groups of other bases resulting in methylene bridges (Auerbach, Moutschen-Dahmen, & Moutschen, 1977) ). In addition, mRNA bases are differentially susceptible to these reactions (Adenine, Cytosine >> Guanine > Uracil) with hydroxymethylation (and methylene bridge formation) ranging from 4% for uracil to 40% for adenine (Masuda, Ohnishi, Kawamoto, Monden, & Okubo, 1999) . Multiple fixatives have been utilized over the decades (i.e., aldehydes, oxidizing agents, and alcohol-based fixatives); however, to date, no fixative has been discovered that preserves the integrity and spatial composition of mRNA without also reducing the detection/sensitivity of riboprobes.
Antigen retrieval protocols have been extensively used for IHC to "unmask" binding sites and allow better penetration of antibodies in perfused samples. Using IHC, antigen retrieval with proteinase K treatment has been demonstrated with c-Fos protein in rat spleen tissue following whole-animal perfusion fixation (Meltzer, Grimm, Greenberg, & Nance, 1997) ; however, there
has not yet been an adaptation of antigen retrieval for ISH using the catFISH method and wholeanimal perfusion. Given the fact that IHC and ISH require different tissue processing, including preparation (i.e., free-floating versus slide-mounted) and section thickness, optimizing antigen retrieval concomitantly for each technique will be crucial for moving the field forward. The protocol described here allows for mRNA measurement in perfused brain tissue with sufficient resolution to perform catFISH.
Materials and Methods

Animals 5
Adult male Sprague Dawley rats (275-300 g) were purchased from Charles River Laboratories. Rats (two per cage) were maintained on a 12 h light/dark cycle, and standard rodent chow and water were available ad libitum. All procedures were approved by the University Committee on the Use and Care of Animals (University of Michigan; Ann Arbor, MI).
Seizure Induction
We used a seizure model, induced pharmacologically as described previously (Althaus, Zhang, & Parent, 2016; Kron, Zhang, & Parent, 2010) to perform a qualitative comparison between our current modification and previous catFISH protocols. Briefly, rats were pretreated with atropine methylbromide (5 mg/kg, i.p.; Sigma-Aldrich, Inc.; St. Louis, MO) 20 min before seizure induction with pilocarpine hydrochloride (345 mg/kg, i.p.; Sigma-Aldrich, Inc.).
Tone-Induced c-Fos Expression
To evaluate the suitability of our current modification for quantification purposes, we exposed a group of rats to a 6-minute tone in an operant box, then returned the rats back into the home cage and sacrificed 30 minutes later. The results from this group were quantified and used for statistical analyses.
Tissue Preparation
Rats were deeply anesthetized with a solution (1 mL/kg; i.p.) of ketamine (90 mg/kg) and xylazine (10 mg/kg), and euthanized by transcardial perfusion with saline immediately followed by a solution of 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS; pH = 7.34-7.36). Brains were extracted from the skull and post-fixed in 4% PFA in 0.1 M PBS overnight. Next, brains were saturated in a 20% sucrose solution in 0.1 M PBS, flash-frozen in isopentane over dry ice (-30°C), then stored in a -80°C freezer until further processing. Brains were sectioned using a cryostat (CM1860; Leica Biosystems; Buffalo Grove, IL) at 20 µm and thaw-mounted on Fisherbrand™ Superfrost™ Plus slides (Fisher Scientific; Waltham, MA).
Preparation of c-Fos Riboprobes
In vitro transcription was performed as previously described (Guzowski & Worley, 2001 
Hybridization Steps
9. Snap freeze (7 min at 90⁰C and 5 min on 0⁰C) ~300ng 9 of c-Fos cRNA probes diluted in hybridization buffer 10 10. Apply the denatured probe solution on to the slides and incubate 11 overnight at 56⁰C
Day 2:
Use a shaker for all room temperature washes 
Image Acquisition and Cell Counting
Images were acquired on a Zeiss® AxioImage M2 fluorescent microscope with an Apotome® To examine the differences, paired sample t-tests were run between the percentage of c-Fos in each compartmental region (e.g., intranuclear vs cytoplasmic) and also the amount of total active cells during tone and home cage. No between-subjects factor was used here. Significance level was set at p<0.05 for detecting effects.
Results
c-Fos expression was clearly evident in rats given status epilepticus (Figure 1 A) . In contrast, perfused brains subjected to previous catFISH protocols failed to generate a clear Cy3 signal to detect c-Fos levels ( Figure 1B) . To verify whether patterns of c-Fos distribution as seen using our protocol matches catFISH results from previous reports, we exposed rats to an auditory tone and placed them back in their home cages for 25 min before sacrifice. This provided with a 1 1 more realistic spatiotemporal dimension that we cannot get with a seizure protocol. Using this modified protocol, we were able to detect IEG expression in the hippocampus, amygdala and prefrontal cortex ( Figure 2 ). We found that the qualitative distribution of c-Fos closely resembled the distribution previously reported with another IEG, Arc (Guzowski et al., 1999) . Lastly, we were interested in determining whether c-Fos activity in response to the tone meant cells were more likely to also be active in the subsequent home cage condition. To test this, we calculated the product of the proportion of cells activated to home cage and tone delivery as an index of the overlap expected due to random chance. This product was then compared to the observed number of cells active in response to both tone and home cage (double labeled cells) using a paired sample t-test. Results showed a significant difference t (24) =-4.69, p=0.000091, between overlap expected by random chance and those observed (double labeled cells). The activity of cells in response to the home cage therefore appears to be related to their prior response to the tone ( Figure 5) , and not simply due to activation of a random cohort of cells in the home cage. These findings support previous work with both with in vivo electrophysiology in freely-moving rodents and IEG studies (Marrone et al., 2008; Wilson & McNaughton, 1994) .
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Discussion
The protocol described here allows for the quantification of c-Fos mRNA in perfused brain tissue with sufficient spatial resolution to perform catFISH. The c-Fos catFISH technique has several advantages over traditional IEG detection methods. For example, relatively timelimited expression of mRNA foci allows tighter temporal resolution of stimuli than protein staining techniques, while the compartmental distribution of c-Fos mRNA allows for withinsubject comparisons of responses to different stimuli (Guzowski, McNaughton, Barnes, & Worley, 2001) . This spatiotemporal dimension can be used in any experiment in which discrete stimuli can be delivered to the rodent separated by a delay. We and others have used the catFISH technique to track cell assemblies in response to spatial, olfactory and here auditory stimuli. The protocol described above is modified from the (Guzowski & Worley, 2001) method developed for analysis of Arc and Homer 1a genes in fresh frozen tissue. We incorporated changes necessary to optimize the detection of IEG mRNA in perfused fixed brain tissue. The key modifications were based on the following observations: 1) We find that a higher concentration of riboprobe (~300ng/slide) must be used for perfused brain tissue catFISH. 2) Proteinase K treatment must be performed prior to tissue fixation. 3) By increasing the number of sodium citrate and Tris washes on day 2, and increasing the temperature for both RNase treatment and 0.5X sodium citrate washes, we are able to achieve higher signal intensity and lower background. 4) By using a PAP Pen (ImmEdge, Vector labs) based hydrophobic barrier or silicon hybridization chambers (Secure-seal, Sigma-Aldrich) around tissue sections for hybridization or incubation steps, we achieved better signals than by using a coverslip-based hybridization approach.
Our current finding of compartmental expression of c-Fos is consistent with expression patterns previously reported using fresh frozen brains (Gheidi et al., 2012; Marrone et al., 2008) .
Interestingly, our c-Fos mRNA positive cell quantification revealed that the number of cells activated in response to both tone and home cage far exceeded that expected by random chance.
This may reflect 'replay' of the previous experience with tone, as has been previously reported with both in vivo electrophysiology in freely moving rats (Wilson & McNaughton, 1994) and 1 3 IEG detection methods in animals during spatial navigation (Gheidi, Azzopardi, Adams, & Marrone, 2013) . The finding lends support to the notion that "background" IEG expression is not mere random activity and may represent mnemonic replay of previous experiences. In the current study, however, it is not clear whether the prefrontal cortical activity was primarily in response to the tone, the operant behavior box, or a combination of both. Further experiments will be necessary to disentangle these confounds. Taken together, the findings presented here suggest that this modified protocol for catFISH in paraformaldehyde perfused fixed rodent brain tissues is sensitive enough to detect the expression of behaviorally relevant genes such as IEGs. 
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